Introduction
Over the 50 year history of the Department of Chemistry at the University of Calgary, both industry and academic researchers have enjoyed a strong collaborative interface through Alberta Sulphur Research Ltd. (ASRL). As early as the 1940s, the oil and gas industry had begun reducing SO 2 emissions through H 2 S separation and conversion to elemental sulfur through the Claus process. During the 1950s, increased production of sour gas (natural gas containing H 2 S) in Canada, brought with it several new challenges, including sulfur deposition, increased corrosion, sulfur handling and transportation logistics. Moreover, a key component of the continued research activity in this field is the need for elemental sulfur or more specifically sulfuric acid, which is necessary to produce the massive quantities of fertilizer required to feed a much larger world population. Still, a compelling fundamental question remains an active area of research: "where is all the H 2 S coming from?"
Ignoring the cases where fluids from different subsurface zones become mixed, many hydrocarbon reservoirs contain native H 2 S and CO 2 which have been geologically generated in situ. On average, sulfur constitutes about 1% of the dry mass of living organisms, with cysteine and methionine amino acids being the major contributors to this portion; therefore, some H 2 S can come from the degradation of biomass. 1 Sour gas fluids have been produced with up to 94% H 2 S, suggesting that a large portion of H 2 S has originated from sulfate minerals, especially in carbonate reservoirs. Other fluids can chemically produce H 2 S through the various anthropogenic processes that are used activate the flow of hydrocarbon through formations and into wellbores.
In either case, H 2 S must be anticipated for a variety surface facilities, removed from sales fluids D r a f t 4 (treated), chemically scavenged, recovered as elemental sulfur or other sulfur-bearing products, or returned to subterraneous formations via a process called acid gas injection.
The first portion of this study contains a brief review of three reservoir souring mechanisms: (i) aquathermolysis, (ii) microbial sulfate reduction (MSR) and (iii) thermal sulfate reduction (TSR). All three mechanisms can be responsible for the appearance of native H 2 S (natural) and anthropogenic H 2 S (caused by production stimulation). With the non-biological cases of H 2 S production, there have been several laboratory and field studies aimed at understanding and modelling H 2 S production kinetics. In the more recent cases, it has been noted that (a) many laboratory experiments require higher-than-reservoir temperatures to effectively study reaction rates and (b) extrapolating the kinetic results to reservoir temperatures may be flawed due to different mechanisms in various temperature regimes. Further information is required in this area to build fit-for-purpose models to estimate the extent and timing of H 2 S concentration changes over the life of commercial production.
New experiments into shale gas souring are reported here, where TSR involving fracture fluid additives can result in (a) the scavenging of native reservoir H 2 S during stimulation and (b) the regeneration of H 2 S after hydrocarbon production begins. Like previous TSR studies, we have recently investigated reaction rates involving sodium dodecyl sulfate at high-ionic strengths and T = 200°C. Results reported in this study show no significant change in reaction rate with increased ionic strength, suggesting that the rate limiting step involves a reaction between two neutral reactants. Alternatively, higher-temperature TSR experiments from literature suggest that ionic strength does increase reaction rates. Re-analyzing the latter results suggest that the D r a f t 5 dominant controlling mechanisms for laboratory reactions at T > 300°C is thermolysis rather than S° reduction, dominant at T < 300°C. These two different kinetic regimes must be considered and distinguished (if possible) when extrapolating TSR rates from high-temperature laboratory experiments to reservoir conditions.
Primary Sources of H 2 S in Produced Hydrocarbons

Aquathermolysis (Cyclic Steam Stimulation and Steam Assisted Gravity Drainage)
While many hydrocarbon reservoirs will contain native or natural H 2 S (considered sour), many heavy oil reservoirs are sweet with the majority of sulfides being bound within organosulfur species or metal sulfide. Examples include the oil sands within Northern Alberta and Venezuela.
While the later bituminous hydrocarbon reserves do not contain native H 2 S, the stimulation of flow by the introduction of high-pressure steam causes the thermochemical production of H 2 S, CO 2 , CO, H 2 , CH 4 and other minor hydrocarbons. As a result, the associated sour gases produced at surface often contains up to ca. 5% H 2 S which must be removed (treated) and converted to elemental sulfur (recovered) to avoid extraneous SO 2 emissions.
Because steam reformation is too slow at in situ steam stimulation conditions, the steam reformation of hydrogen and subsequent hydrogenation of organosulfur compounds is rarely considered as the major pathway for H 2 S production. As a result the hot liquid water phase is thought to be the reactant contributing to H 2 S production. High-temperature liquid water undergoes increased dissociation, thereby allowing for several reactions between liquid water and organic molecules which would otherwise not proceed at temperatures less than T = 200°C.
For 200 < T < 300°C (accompanied by high-pressures) the complex reactions between water and D r a f t 6 hydrocarbons are referred to as "aquathermolysis" whereas at T > 300°C, hydrous pyrolysis or thermal cracking is the major contributor to hydrocarbon reactions. 2, 3, 4 These two different chemical regimes were defined through the early work of Clark and Hyne, 3 who studied the formation of CO 2 and H 2 S through aquathermolysis of alkyl sulfides, thiophenes and sulfide containing asphaltenes. The C-S bond is weak in comparison to C-C bonds; therefore, reaction with high-temperature acidic H 2 O or H 2 normally comes at the expense of more organosulfur species when compared to non-sulfur-containing hydrocarbons. Clark et al. 3 later found that, in general, sulfur containing asphaltenes lead to the majority of produced H 2 S. Near 300°C and above, various high-valence cations are also thought to provide a catalytic effect.
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It should be noted that the degradation of organosulfur species and H 2 S production through aquathermolysis does not lead to a significant desulfurisation of the oil, i.e., normally not considered worthwhile process for partial oil upgrading.
The produced CO 2 from aquathermolysis comes from two sources: (i) carbonate minerals and (ii) various organic species. Katritzky et al. 4 have provided a detailed review of the reactions associated with oxygen containing organic compounds, where aquathermolysis leads to minor CO 2 production. The majority of produced CO 2 for an in situ stimulation is released from carbonate mineral.
From the brief discussion above, one can deduce that the production of H 2 It should be noted than many laboratory studies of aquathermolysis are completed at T > 300°C in order to increase reaction rates for laboratory measurements. However, at these increased temperatures, thermolysis or cracking becomes a significant contributing mechanism versus aquathermolysis. Those calibrating aquathermolysis models for application to H 2 S production from a steam stimulation need to be aware that there are two kinetic regimes. This point was addressed by Kapadia et al., 2 but also turns out to be relevant when considering H 2 S production through thermal sulfate reduction kinetics (discussed later in this study).
Microbial Sulfate Reduction (Conventional Sour Gas Reservoirs, Water Flooded Oil
Reservoirs, Ground Water Wells)
Aqueous sulfate species also can be reduced to hydrogen sulfide through microbial sulfate reduction (MSR). Microbial activities typically are expected in shallow reservoirs or when a deep reservoir is uplifted to shallow depths, 7, 8 where sufficient sulfate supply is provided in order to extract energy for microbial proliferation. MSR also can be responsible for souring reservoirs which undergo water flooding (for enhanced oil recovery), where sulfate rich fluids enter gathering pipelines. Shallow ground water wells within Gypsum-rich earth are susceptible to souring and require periodic treatment. Thus, MSR can be responsible for both native and nonnative H 2 S with industrial hydrocarbon production. Geological or induced MSR source of H 2 S can be confirmed by carbon, oxygen and sulfur isotopic signatures. For example, the 34 S isotope fraction within the produced H 2 S and the source SO 4 2-will differ due to decreased microbial D r a f t 8 activity for 34 S versus lower mass isotopes. 9, 10 MSR can be responsible for early geological production of H 2 S, whereas, for very sour fluids, larger and more recent H 2 S levels evolve through geothermal reactions.
The reduction of sulfate to sulfide can be achieved by a variety of living organisms under different environmental, yet anaerobic, conditions. The commonly accepted range of temperature where microbial activity can occur is T < 80 ○ C, 8 although there have been reports of such activities for temperatures above 100 ○ C.
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Production of H 2 S by microbes/bacteria has been a long-time concern of oil and gas industry and is a particular concern when production/enhanced recovery requires pumping water into a reservoir, e.g., hydraulic fracturing of shale reservoirs or water flooding of conventional oil reservoirs. In such cases, there is a chance that microbes from the surface permeate and colonise in the reservoir and feed on the sulfate sources, such as minerals or fracturing additives, and commence production of H 2 S. A sulfate concentration of 300 mM is suggested to serve as an additional source of sulfate if sea water is pumped into the well, since sea water is a major source of sodium sulfate. 12 To prevent MSR activity, biocides are added to the injected water, but the effectiveness of biocide in the bulk of the fluids and the biofilms, formed by bacteria on various surfaces, has been a matter of debate and investigation.
Chemical additives such as glutaraldehyde and quaternary ammonium chloride are typical biocides utilized in petroleum industry; 12, 13 however, it has recently been demonstrated that compounds such as glutaraldehyde likely serve as a thermal sulfate-reductant under hydrothermal conditions where thermal degradation would reduce its effectiveness as a biocide. 14 The Voordouw group have shown that periodic injection of nitrate can be used to control H 2 S production by replacing sulfate reduction with the more favourable nitrate reduction. 15 It should D r a f t 9 be noted that CO 2 partial pressures are relatively large in most hydrocarbon reservoirs and this may act as a natural inhibitor to limit the bacterial activity.
Thermochemical Sulfate Reduction (TSR)
TSR in Conventional Carbonate Reservoirs
Conventional sedimentary basins often contain native sulfate (from receding seawater) along with organic species of various maturity. As implied in the previous section, an initial H 2 S concentration can often be attributed to MSR; however, increase in burial depth accompanied with a rise in temperature results in the thermochemical sulfate reduction (TSR) to sulfide at the expense of the reservoir hydrocarbons. 16 A simplified aqueous TSR mechanism for aliphatic hydrocarbons, C x+1 H 2x+4 , in a conventional sour reservoir is given by: 
where the net reaction for the oxidation of C 2+ species is
The overall products of TSR, are H 2 S, CO 2 and CH 4 , 16, 18, 19 where the majority of the CO 2 forms carbonate to replace the anhydrate mineral. This is important for the geological development of prolific sour gas reservoirs, as the more malleable anhydrate layers continue to be responsible for the gas containment (cap rock), whereas the internal carbonate-rich zone is more easily fractured D r a f t (naturally or through stimulation) for gas production. The produced H 2 S may re-enter the TSR reaction and further oxidize the hydrocarbons/organics or it may get fixated through reaction with reservoir rocks; for instance, if iron minerals are available, typically pyrite (FeS 2 ) deposits are found within the reservoir.
A very important factor for the overall rate of TSR is the temperature, although TSR is thermodynamically favourable at temperatures as low as 20ºC. 20 At laboratory time-scales, the kinetics of TSR with aliphatic hydrocarbons is extremely slow. Even at temperatures above 100ºC, TSR reactions are normally correspond to geological time-scales. As a result of these slow kinetics, the majority of the laboratory TSR experiments are carried out at temperatures above 250ºC up to 600 ºC in order to obtain enough product to overcome analytical sensitivity. 21 The reported activation energies for TSR range between E a = 77 and 250 kJ mol -1 , depending on the reaction conditions and reactants/products involved. 20, 25, 14 Various laboratory results show that the kinetics of TSR depends on the type of organic reductants, dissolved sulfate species and a variety of intermediate sulfur species. 22, 23, 24, 7 The mechanism shown in Reactions (1) to (5) implies that steady-state elemental sulfur (S°) is formed from the reaction between bisulfate and H 2 S (equilibrium), and then S° is kinetically consumed by oxidation of hydrocarbons (or other organic species). This agrees with the type of hydrocarbon being an important factor through (a) aqueous hydrocarbon solubility and (b) specific hydrocarbon oxidation rate. In other words, it is the oxidation step which is rate limiting and implies a steady state concentration of elemental sulfur in sour gas reservoirs: 
D r a f t
Reservoirs with remaining anhydrate and very little larger hydrocarbons (beyond methane) often contain steady state elemental sulfur concentrations near saturation, where production can induce sulfur deposition in wellbores and in the reservoir. Sulfur deposition is a major issue for lean sour gas reservoirs (little or no C 2+ ) from both a flow assurance and corrosion perspective.
Larger hydrocarbons will oxidise readily at lower temperatures; therefore, the steady state of [S°] is much lower and sulfur deposition is not observed for rich hydrocarbon fluids.
Also in agreement with the mechanism presented here, previous laboratory studies have shown that presence of low oxidation states of sulfur, sulfide or elemental sulfur, will initiate and catalyze TSR.
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The Influence of pH on the overall TSR Reaction Rate
Several authors have demonstrated that pH can significantly influence the rate of TSR, where faster overall TSR rates are observed for pH < 5. is the more reactive species compared to sulfate, and conclude that conversion of sulfate to bisulfate might be the rate determining step for TSR. 14, 23 An alternative explanation is provided here which is self-consistent with the mechanism above and high-pressure aqueous speciation calculations, i.e., where reaction 3 is the limiting reaction.
D r a f t
It is worthwhile to note that lower pH also favours the equilibrium reaction of HSO 
where ∆ f G° is the change in standard Gibbs energy, which is both pH and temperature dependant, T is the temperature, and a i is the activity for species i. we have calculated the ∆ f G° for multiple species and the corresponding VEDs for the S-H 2 O system at pH = 7.0 and 1.0 (Figure 1 ). The slope of any line joining two species is, by definition, the standard reduction potential. More conveniently, if a third species lies above a line joining two species, then that third species will tend to spontaneously disproportionate to form the two adjoined species on the line. This is shown in The assumption that HSO 4 - is the catalyst at low-pH, would require that no H 2 S be present.
These calculations also agree with the observation that the addition of S° to neutral H 2 O will react to form H 2 S and HSO 4 -until the equilibrium pH is achieved. The calculations shown here imply that that formation of S° is fundamental to the development of any TSR rate model and to the interpretation of laboratory results.
While the pH in a traditional carbonate gas reservoir is typically not very acidic (pH > 5), the above calculations imply that a near-wellbore region which has undergone acid stimulation may experience higher-than-native levels of sulfur during early gas production. This may complicate analytical results and could even increase the severity of sulfur deposition during early production.
D r a f t 
The Influence of Ionic-strength on the High-temperature TSR Reaction Rate
Similar to the previous studies regarding thermolysis, some studies have argued that the presence of di-and tri-valent cations such as magnesium and aluminum, provide catalysts for the overall TSR reaction. Thus, another method for increasing the reaction rate in the laboratory has been to add high-valence metal sulfates, e.g, catalysts. Depending on the charge of the reactants involved in formation of the activation complex, the ionic strength of a solution alone can influence the stability of the activation complex, which influences the overall rate of the reaction. This point is explored further within the results and discussion section of this study.
The delayed H 2 S production from Shale Gas Reservoirs
With the progress in exploration and production from unconventional reserves such as shale reservoirs, initial impressions were that all these low permeability reservoirs were sweet (did not contain H 2 S). 33 But it turns out that many shale gases may contain up to thousands of ppm H 2 S which can present itself months after gas production begins. 33 The geochemical reaction of native and immature organic sulfur compounds could be the major source of the observed H 2 S; 7 however, H 2 S is observed within mature fluids (insignificant hydrocarbon content beyond methane Furthermore, oxygen ingress upon fracturing could cause the oxidation of native H 2 S, which would slowly regenerate through the sulfur oxidation of hydrocarbons (reaction 3). These results suggest that the process of fracturing is the likely cause for the temporary sweetening (reduction in H 2 S) of the production fluid and, subsequent, early flow tests show insignificant H 2 S levels. In other words, the shale reservoir likely contained a native amount of H 2 S or metal sulfide before production flow was stimulated.
Different chemicals were previously examined including ammonium persulfate, glutaraldehyde and ethylene glycol which are used as gel breaker, biocide and scale inhibitor, respectively. 14 The majority of our recent work has focused on sodium dodecyl sulfate (SDS), an anionic surfactant also known as sodium lauryl sulfate (SLS), which is usually used in slick water fracturing.
14 It was demonstrated that upon hydrolysis of SDS into 1-dodecanol (C 12 H 23 OH) and sodium bisulfate (NaHSO 4 ), these intermediate products can undergo TSR and produce H 2 S and a variety of organic sulfur compounds. 26, 14 The presence of bisulfate would then cause an early scrubbing affect and result in false negative tests for well fluids just after flow-back for water recovery. We note that our earlier examinations of this chemistry involved only the degradation of aqueous SDS and did not include any initial sulfide; therefore, all sulfide was generated from SDS degradation alone. The following simplified set of equations has been suggested: In the case of native H 2 S, the elemental sulfur produced with reaction 5 can react with the 1-dodecanol, or other hydrocarbon species in the hydraulic fracturing or from the reservoir, and regenerate H 2 S. With only SDS, our reaction mixtures extracted post-TSR were highly acidic and elemental sulfur had been found in the mixtures. 26, 14 These observations explain the rate at which the shale gas wells go sour in the fields.
Additionally, it has been recently suggested that the water used for hydraulic fracturing is saturated with oxygen at atmospheric pressure. Thus, the dissolved oxygen can react with the native H 2 S and form elemental sulfur:
The elemental sulfur produced via reaction 15 can slowly oxidize organic molecules as suggested by reactions 3, 11 and 12. Evidence of such reactions have recently been presented where it was concluded that CO 2 product provides a more consistent measurement of the reaction rate, as sulfur may be temporary sequestered within organosulfur intermediates. 34 Interestingly, unexpected thiol production is also observed during the production of shale fluids.
Whether it is a conventional or unconventional reservoir, it seems one should always plan for the presence of H 2 S, although perhaps at very low levels. The additives used in production of wells may act of NaCl, KCl, NaBr, MgCl 2 , and CaCl 2 , for t = 168 hours. We did not observe a significant ionic strength dependence for the reaction rate at T = 200°C, suggesting that the rate limiting reaction involves two neutral species, i.e., dodecanol oxidation by S°. These results have been compared to previous literature data and suggest that the reaction mechanism is different for the different temperature regimes.
These different mechanisms imply that extrapolation of high-temperature laboratory experimentss may not be an appropriate benchmark for developing TSR rate models in reservoirs at T < 200°C.
Materials and Methods
The reaction vessels and procedures have been described in detail within a previous publication. 26 Briefly, high-pressure reactions were carried out in ca. were pressurized further using ultra-high purity nitrogen (99.998%, Praxair) to p = 17 MPa. All experiments were held at temperature for t = 168 hours before being quenched to room temperature and analysed.
The head-space gas mixture was sampled by transferring multiple aliquots of the gas mixture through a sampling module to a GC/SCD/FID/TCD. Following the sampling of the head-space gas, the reaction vessel was pressurized with nitrogen to build backpressure in order to extract the aqueous mixture. A 100 µL aliquot of the extracted aqueous mixture was diluted to 10 mL using a preservative solution containing 10 mM mannitol and 50 mM sodium hydroxide to prevent oxidation of sulfide anions. This solution was analyzed on a Dionex DX320 with an IonPac AS17 hydroxide-selective anion exchange column with CD25 conductivity detector and parallel AD25 absorbance detector for quantitative analysis of anions in the aqueous mixture.
Potassium hydroxide concentration gradient from 30 to 70 mM was applied to elute anions from the column.
Following the extraction of the aqueous mixtures, each vessel was rinsed with quantitative amounts of xylene and deionized water, respectively. S° within the xylene extract was quantified by reaction with triphenylphosphine and analysed with GC/PFPD. 35 The aqueous rinse was added to the drained aqueous mixture for IC analyses.
Results and Discussion
The results from the aqueous SDS experiments have been reported in Table 1 , where a significant quantity of H 2 S and CO 2 have been found after t = 168 hours and T = 200°C. The concentrations of H 2 S and CO 2 leading to the overall products reported were ca. 500 and 1000 ppm respectively. These concentrations are well within our analytical sensitivity (GC Ionic strength is calculated in excess of the concentration of hydrolysed SDS. % recovery excludes organosulfur intermediates, but does include elemental sulfur. Zero excess salt experiments are reported for an average of five runs, with uncertainties estimated at 95% confidence. In five cases, IC was not performed due to loss of aqueous phase after depressurization. An error with the SCD detector during the sampling of the NaBr experiments resulted in no H 2 S measurement. species (thiols), which lowers the observed H 2 S during the initial reaction time. 26 Longer reaction times have been shown to produce larger the H 2 S/CO 2 ratios, which are more consistent with other TSR studies. Also with our earlier studies, a more consistent ratio was observed when sulfur or sulfide was added to initiate the reaction (similar to a reservoir containing native H 2 S).
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D r a f t
Because the reactions studied here were not influenced by the disproportionation of initial sulfur or sulfite, the rate of reaction for these results are more appropriately followed using the produced CO 2 . Thus initial reaction rates can be followed from the CO 2 increase. The rate of disproportionation and mixing effects will be addressed with future studies, which will be necessarily for fit-for-purpose reservoir kinetics.
To assess the influence of extraneous aqueous ions, a rate constant k can be related to ionic strength, I, of a solution by implementing the extended Debye-Hückel equation in the BronstedBjerrum relation: The absence of a significant correlation with ionic strength, suggests that the rate limiting reaction is associated with a reaction between two neutral species. This observation is consistent with the hypothesis that the limiting reaction can be S° reacting with a neutral organic species.
While several neutral species can conceivably be involved with this rate limiting step, a strong correlation should be observed when charged species are involved. In addition, unlike the studies of TSR for n-C 16 
Conclusions
A brief review of the potential sources of H 2 S in oil and gas production has been provided with summaries of the understanding of (i) aquathermolysis, (ii) MSR and (iii) TSR. All three of these complex chemical reactions can lead to native and non-native H 2 S within conventional hydrocarbon production. It should be noted that while H 2 S from aquathermolysis is caused by the steam assisted stimulation of heavy oil flow, sulfur containing oils will result in H 2 S upon D r a f t 28 desulfurization at surface (upgrading and hydrogenation processes). Thus, the H 2 S would need to be handled properly, regardless of where and how it is generated. For TSR, it was shown that steady state S° would increase under very acidic conditions by shifting the disproportionation of the S-H 2 O system. The later speciation calculation suggests that faster reaction rates at low-pH does not necessarily imply that HSO 4 -(aq) is the reactant in the rate-limiting step.
Recent research shows that oxidation of native H 2 S, followed by slow oxidation of organic species by elemental sulfur, can lead to the delayed appearance of H 2 S in unconventional shale gas production. In some cases, chemical additives to hydraulic fracture fluids can act as both oxidant and reductant during the H 2 S delay through TSR reactions, e.g., recent research with SDS degradation. 14, 26 New experiments have been reported here, where aqueous SDS degradation was followed with the addition of various salts to increase the ionic strength. These results show no significant change in reaction rate at increasing ionic strength, suggesting that the rate limiting step involves the reaction between two neutral reactants. Indications of neutral reactants further support a mechanism where S° is oxidizing an organic species.
Alternatively, the measurements of He et al. 32 for n-C 16 H 34 at T = 360°C also have been reinterpreted using an ionic strength plot (Livingston plot). The higher-temperature experiments suggest that (i) catalytic activity is not specific to certain cations and (ii) ionic strength (through concentration increase and high-valence ions) does increase reaction rates. The later suggests that the rate-limiting reaction involves two monovalent ions. Similar to studies on aquathermolysis D r a f t 29 and thermolysis, the dominant control for reactions at T > 300°C, seems to be thermolysis versus S° oxidation in classical TSR. The two different kinetic regimes must be factored in when extrapolating TSR rates from high-temperature laboratory experiments to reservoir conditions. Our studies on TSR in shale type fluids are continuing, with the eventual goal of developing a kinetic model to aid producers in estimating H 2 S production profiles. Eventually models, based on field specific information and fundamental understanding, will contribute to increasing safe and economic approaches to the design of hydrocarbon production, gathering, treatment and recovery schemes. 
